In plants, the chromatin-associated high mobility group (HMG) proteins occur in two subfamilies termed HMGA and HMGB. The HMGA proteins are characterized by the presence of four AT-hook DNA binding motifs, and the HMGB proteins contain an HMG box DNA binding domain. As architectural factors, the HMG proteins appear to be involved in the regulation of transcription and other DNA-dependent processes. We have examined the subcellular localization of Arabidopsis thaliana HMGA, HMGB1, and HMGB5, revealing that they localize to the cell nucleus. They display a speckled distribution pattern throughout the chromatin of interphase nuclei, whereas none of the proteins associate with condensed mitotic chromosomes. HMGA is targeted to the nucleus by a monopartite nuclear localization signal, while efficient nuclear accumulation of HMGB1/5 requires large portions of the basic N-terminal part of the proteins. The acidic C-terminal domain interferes with nucleolar targeting of HMGB1. Fluorescence recovery after photobleaching experiments revealed that HMGA and HMGB proteins are extremely dynamic in the nucleus, indicating that they bind chromatin only transiently before moving on to the next site, thereby continuously scanning the genome for targets. By contrast, the majority of histone H2B is basically immobile within the nucleus, while linker histone H1.2 is relatively mobile.
INTRODUCTION
In the cell nucleus, organization of the genomic DNA with histones and other proteins into chromatin affects DNA-dependent processes, such as the transcription of genes. The best-studied level of chromatin organization is the packaging of the DNA into nucleosome particles. Posttranslational modification of nucleosomal core histones and nucleosome remodeling mediated by ATP-dependent multiprotein complexes play a critical role in the regulation of gene expression (Reyes et al., 2002; Loidl, 2004; Hsieh and Fischer, 2005) . H1 linker histones are the most abundant proteins associated with nucleosomes and with the internucleosomal linker DNA, and they bind to almost all nucleosomes in eukaryotic chromatin (Bustin et al., 2005) . The linker histone molecule consists of three domains: a central nonpolar globular domain that is flanked by two unstructured highly basic domains. While the globular domain of H1 binds to nucleosomes around the dyad axis, the C-terminal domain interacts with the linker DNA. The association with H1 can influence the geometry of the linker DNA and generate higherorder structures of the chromatin fiber (Jerzmanowski, 2004) .
The high mobility group (HMG) proteins are (after the histones) the second most abundant family of chromosomal proteins occurring in variable amounts, and it has been estimated that they bind to #10% of the nucleosomes (Johns, 1982) . Their presence in all tissues of eukaryotes favors the possibility that the HMG proteins are required for proper cellular function. Due to their abundance, HMG proteins serve a global structural function in the nucleus, and they act as architectural factors, facilitating various DNA-dependent processes, including transcription (Bustin and Reeves, 1996; Thomas and Travers, 2001; Bianchi and Agresti, 2005) . In plants, members of the HMGA and HMGB families have been identified (Grasser, 2003) . Depending on the species, plants encode one or two HMGA proteins consisting of an N-terminal domain with similarity to the globular domain of linker histones and a C-terminal domain containing four AT-hook motifs (Klosterman and Hadwiger, 2002; Grasser and Launholt, 2006) . Mediated by the AT hooks, HMGA proteins interact with A/T-rich stretches of DNA (Pedersen et al., 1991; Nieto-Sotelo et al., 1994; Webster et al., 1997 Webster et al., , 2000 Zhang et al., 2003a Zhang et al., , 2003b , four-way junction DNA (Zhang et al., 2003a (Zhang et al., , 2003b , and nucleosomes (Arwood and Spiker, 1990; Lichota and Grasser, 2001 ). Plants encode approximately six different HMGB proteins that are characterized by a central HMG box DNA binding domain, which is flanked by a basic N-terminal and an acidic C-terminal domain (Grasser and Launholt, 2006) . Mediated by the HMG box domain, the HMGB proteins interact non-sequence specifically with linear DNA (Pedersen et al., 1991; Grasser et al., 1994; Webster et al., 1997 Webster et al., , 2000 Wu et al., 2003) , but they bind with high affinity certain DNA structures, including four-way junctions and DNA minicircles (Grasser et al., 1994; Stemmer et al., 1997; Ritt et al., 1998b; Webster et al., 2001; Wu et al., 2003; Zhang et al., 2003b) , and they interact with nucleosomes (Arwood and Spiker, 1990; Lichota and Grasser, 2001) .
Whereas HMGA proteins clearly are nuclear proteins (Amirand et al., 1998) , vertebrate HMGB proteins are found primarily in the cell nucleus but to various extents also in the cytosol (Bustin and Neilhart, 1979; Kuehl et al., 1984; Falciola et al., 1997; Bonaldi et al., 2003) . It has been suggested that HMGB proteins can shuttle between nucleus and cytosol, and it has been reported that mammalian HMGB1 can be passively released from the nucleus upon cell death and that it can be actively secreted acting as a cytokine (Mü ller et al., 2004) . Since the subcellular localization of plant HMG proteins has not been studied systematically, we have examined here the distribution of Arabidopsis thaliana HMGA and HMGB proteins using immunofluorescence in dividing cells and by analyzing the localization of green fluorescent protein (GFP) fusions. Using fluorescence recovery after photobleaching (FRAP), it was recently found that HMG proteins (in contrast with previous assumptions) are highly mobile in mammalian cell nuclei (Catez et al., 2004; Harrer et al., 2004; Phair et al., 2004b) . We have studied by FRAP the mobility of HMGA and HMGB proteins in plant cell nuclei.
RESULTS

Arabidopsis HMGA and HMGB1 Display a Speckled Distribution Pattern in Interphase Chromatin and Are Not Associated with Mitotic Chromosomes
Since the subcellular localization of plant HMGA and HMGB proteins has not been examined in detail, we have studied the distribution of the HMGA and the HMGB1 proteins by indirect immunofluorescence in meristematic root tip cells of Arabidopsis seedlings. For comparison, the chromosomal DNA was visualized by 49,6-diamidino-2-phenylindole (DAPI) staining, and the HMGA and HMGB1 proteins were detected by immunolabeling using antisera raised against recombinant HMGA and HMGB1. While the preimmune sera did not result in a specific immunostaining (data not shown), the anti-HMGA and anti-HMGB1 sera resulted in labeling of the nuclei of interphase cells. Both HMGA and HMGB1 show a similar speckled distribution pattern in interphase nuclei and can be detected in euchromatin and in the heterochromatic chromocenters (Figure 1) . In mitotic cells, the condensed chromosomes revealed no significant immunoreactivity against the HMGA and HMGB1 antisera, and a rather disperse staining of the cytosol is observed (Figure 1 ). To ascertain whether mitotic cells are equally accessible for antibodies, cells were simultaneously labeled with antibodies recognizing HMGB1 and histone H3 phosphorylated at Ser-28. Cell cycle-specific p(Ser28)H3-immunosignals (Gernand et al., 2003) demonstrated the accessibility of dividing cells ( Figures 1C and  1D ). Thus, in interphase cells, HMGA and HMGB1 are found throughout the nucleus, whereas in mitotic cells, neither HMGA nor HMGB1 are chromatin associated.
In Vitro DNA Interaction of HMG-GFP Fusion Proteins
We have studied the subcellular localization and the DNA binding properties of the HMGA and HMGB proteins fused to the GFP. In the case of the HMGB proteins, we selected the HMGB1 and the HMGB5 proteins, which differ significantly in the length of the basic N-terminal and acidic C-terminal domains flanking the central HMG box DNA binding domain (Figure 2 ). We analyzed the amino acid sequences of HMGA and HMGB1/5 for the presence of subcellular targeting signals using the algorithm Psort (http://psort.nibb.ac.jp/form.html). This revealed predicted nuclear localization signals (NLSs) in the AT-hook region of HMGA and in the HMG box domain of HMGB1 and HMGB5 (Figure 2 ). Initially, we tested whether the GFP fusion proteins display the DNA binding properties characteristic of HMGA and HMGB proteins (Grasser, 2003) . Therefore, the GFP-HMGA and HMGB1-GFP proteins were expressed in Escherichia coli and purified by three-step column chromatography. The DNA binding properties of the GFP fusion proteins were compared with those of the HMG proteins without GFP fusion using electrophoretic mobility shift assays (EMSAs). Increasing amounts of the recombinant proteins were incubated with the DNA substrate, and the formation of protein/DNA complexes was analyzed by native PAGE. Typical of HMGA proteins, both HMGA and GFP-HMGA bind with comparable affinity to an A/T-rich 106-bp DNA fragment of a maize (Zea mays) zein gene promoter (Figure 3 ). HMGB1 and HMGB1-GFP were incubated with a ). The nuclear DNA has been counterstained with DAPI, which is depicted in blue in the merged images, while the HMGA and HMGB1 immunofluorescence is in red and the immunofluorescence of p(Ser28)H3 in green. Insets show individual nuclei at higher magnification.
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The Plant Cell mixture of a linear and circularized 78-bp DNA fragment. Characteristic of HMGB proteins, HMGB1 and HMGB1-GFP selectively interacted with the circularized form of the DNA fragment, while the linear form of the fragment was bound only at significantly higher protein concentrations. Therefore, the fusion of HMGA and HMGB proteins to GFP apparently does not interfere with the characteristic DNA interactions of the HMG proteins.
A Basic Monopartite NLS Close to the Third AT Hook Mediates Nuclear Localization of HMGA
To study the nuclear localization of HMGA in more detail, we constructed plasmids suitable for the expression of GFP fusion proteins in plant protoplasts. In transient transformation assays, full-length and truncated HMGA fusion proteins ( Figure 4A ) were expressed in tobacco (Nicotiana tabacum) BY-2 suspension cell protoplasts. Transformed protoplasts were analyzed by confocal laser scanning microscopy (CLSM). We used constructs that served as controls in this experiment: GFP alone that is found in both cytosol and nucleus ( Figure 4B ), GFP fused to chalcone synthase containing a mutated nuclear export signal and the NLS of the SV40 large T antigen as the only functional localization signal (Haasen et al., 1999) (Figures 4C and 4D) , and GFP-H1.2 that localizes to the nucleus (Figures 4E and 4F) . In case of the nuclear-targeted GFP and linker histone H1.2, colocalization of the nucleus and green fluorescence is demonstrated by overlaying the nuclear GFP fluorescence and the transmission image of the same protoplast ( Figures 4C to 4F ). The N-terminal and C-terminal GFP fusion proteins of full-length HMGA clearly accumulated in the nucleus (Figures 4G to 4I) , and similar to the immunofluorescence experiment (Figure 1 ), a speckled distribution pattern is observed within the nucleus ( Figures 4O and  4P ). The individual N-terminal domain of HMGA with sequence similarity to the globular domain of histone H1, however, is found in the cytosol and nucleus ( Figure 4J ) like GFP alone. By contrast, the individual AT-hook region specifically accumulates in the cell nucleus ( Figure 4K ). Therefore, the AT-hook region is critical for the nuclear targeting of HMGA. To identify the NLS responsible for the nuclear localization of HMGA, the amino acid sequences of the putative NLSs predicted by Psort (cf. Figure 2) were altered by site-directed mutagenesis. In the context of the full-length protein, the codons for the Arg residues Arg-98 and Arg-164 were either individually or both in combination mutated to code for Gly residues. Whereas mutation of R98 does not interfere with the nuclear localization of HMGA ( Figure 4L ), mutating R164 individually ( Figure 4M ) and in combination with R98 ( Figure 4N ) resulted in a loss of the nuclear accumulation of HMGA. Instead, the mutated proteins are detected both in cytosol and nucleus similar to GFP alone and the individual H1-like domain of HMGA. Thus, the sequence around Arg-164, which overlaps with the third AT hook (cf. Figure 2) , is essential for the nuclear targeting of HMGA.
Extensive Basic Regions Are Required for Nuclear Accumulation of HMGB1 and HMGB5
Likewise, we studied the subcellular localization of HMGB1 and HMGB5 in transient transformation assays, and the distribution of GFP fusion proteins ( Figure 5A ) was analyzed by CLSM. N-terminal and C-terminal GFP fusions of full-length HMGB1 display a prominent nuclear fluorescence ( Figures 5B to 5D ). The colocalization of the nucleus with GFP fluorescence is evident from the overlay with the transmission image of the same protoplast ( Figures 5B and 5C ). In line with the immunofluorescence experiments ( Figures 1A and 1B) , within the nucleus a speckled distribution pattern is seen for HMGB1 (Figures 5H and 5I) . Despite the presence of a putative NLS predicted by Psort, the individual HMG box domain of HMGB1 ( Figure 5E ) was detected in the cytosol and nucleus (similar to GFP alone; Figure  4B ). However, a GFP fusion protein comprising the HMG box domain and the N-terminal domain of HMGB1 accumulates in the nucleus ( Figure 5F ). Similarly, fusion of the individual N-terminal domain to GFP results in nuclear accumulation of the fusion protein ( Figure 5H ), demonstrating that the N-terminal domain contains the signal(s) for nuclear localization. Compared with full-length HMGB1 ( Figures 5B to 5D ), both truncated proteins containing the basic N-terminal domain and lacking the C-terminal acidic domain of HMGB1 (Figures 5F and 5G) display a prominent localization also in the nucleolus, suggesting the presence of a signal for nucleolar targeting within the N-terminal domain. The GFP fusion protein comprising full-length HMGB5, which has significantly shorter N-and C-terminal domains than HMGB1, accumulates in the nucleus (Figures 5J and 5K) and displays a speckled distribution pattern ( Figure 5Q ) similar to HMGB1. The individual HMG box domain of HMGB5 localizes to the cytosol and to varying degrees also to the nucleus ( Figures 5L and 5M ).
Similar to the situation with HMGB1, a GFP fusion protein comprising the HMG box domain and the N-terminal domain to GFP accumulates in the nucleus ( Figure 5N ). In contrast with the situation with HMGB1, fusion of the individual N-terminal domain of HMGB5 to GFP is not sufficient for nuclear accumulation, as the fusion protein is clearly detected also in the cytosol ( Figure  5O ). A similar pattern was obtained when the N-terminal domain and the N-terminal part of the HMG box domain was fused to GFP ( Figure 5P ), although this fusion protein contains the NLS predicted by Psort (Figure 2 ). Therefore, in the case of HMGB5, both the HMG box domain and the N-terminal domain are required for efficient nuclear accumulation.
HMGA and HMGB Are Highly Dynamic in Cell Nuclei as Determined by FRAP
To study the binding of HMGA and HMGB proteins to chromatin in living cells, we monitored the intranuclear dynamics of HMG-GFP fusion proteins by FRAP. In FRAP experiments, an intense laser pulse is used to irreversibly bleach the emission of light from a fluorescent molecule (e.g., GFP). Within the bleached area, the rate of fluorescence recovery (which is due to influx of unbleached molecules from regions surrounding the bleached area) is monitored by time-lapse microscopy. The rationale for FRAP is that fluorescence recovery kinetics reflect the overall mobility of a protein (Carrero et al., 2004; Sprague and McNally, 2005) . Chromatin-associated proteins display a mobility that is reduced compared with proteins (such as GFP) that do not bind to chromatin or nuclear structures. Since the diffusion of proteins is very rapid, even transient chromatin association of a protein severely slows down the recovery rate (Phair et al., 2004a) .
Two experimental systems were used for the FRAP assays to examine the mobility of HMGA, HMGB1, and HMGB5. The HMG-GFP fusions were transiently expressed in tobacco BY-2 cell protoplasts and/or in stably transformed Arabidopsis seedlings. Consistent with the transient transformation experiments (Figures 4 and 5) , CLSM revealed that HMGA, HMGB1, and HMGB5 localize to the nuclei of root cells in the transgenic Arabidopsis seedlings expressing the GFP fusion proteins ( Figure 6 ). As reference for the nuclear localization (and nuclear dynamics), plants expressing histone H2B fused to the yellow fluorescent protein (YFP) (Boisnard-Loriq et al., 2001) were analyzed in parallel. Further reference proteins were used in the FRAP experiments, including free GFP representing an inert, nonbinding control protein (Sprague and McNally, 2005) , while linker histone H1.2 (and core histone H2B) fused to GFP/YFP served as proteins that (based on experiments using mammalian cells) were expected to display a comparatively low mobility in the nucleus (Lever et al., 2000; Misteli et al., 2000; Kimura and Cook, 2001) . We analyzed the mobility of various HMG-GFP fusion proteins in FRAP assays and compared the measured recovery rates with those of the reference proteins. An experiment analyzing the mobility of GFP-H1.2 is used to illustrate the measurements that were performed. After determining the initial fluorescence, a short laser pulse bleached the light emission of the GFP fusion protein within a small area of the nucleus ( Figure 7A ). Then, the fluorescence recovery was monitored in short time intervals, revealing the recovery time, which is defined as the time after The DNA interaction of HMGA and HMGB proteins examined using EMSA. Increasing amounts (indicated in nM, final concentration) of HMGA and GFP-HMGA have been incubated with an A/T-rich 106-bp DNA fragment (L106) originating from a maize zein gene promoter (left panels). Increasing amounts of HMGB1 and HMGB1-GFP were incubated with a mixture of linear (L78) and circular (C78) 78-bp DNA fragment (right panels). Protein-DNA complexes display a reduced electrophoretic mobility relative to the unbound DNA fragments.
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The Plant Cell bleaching required for the fluorescence intensity to reach a constant value (Sprague and McNally, 2005) . From the recovery curve, the time required to reach half-maximal recovery (t1/2) and the mobile fraction of the protein (M f ) can be determined ( Figure 7B ). Similarly, we examined the dynamics of full-length and truncated HMGA and HMGB proteins fused to GFP. Since the HMG proteins proved to display a mobility that is remarkably higher than that of the histones, we show the recovery curves in comparison with that of linker histone H1.2 ( Figure 8 ). Fluorescence recovery curves for full-length HMGA, HMGB1, and HMGB5 were recorded both in transiently transformed tobacco protoplasts and in root cells of stably transformed Arabidopsis seedlings. These experiments revealed that data obtained with the two experimental systems are consistent (Figures 8A to 8C), although there is a difference with HMGA. The recovery curves of the reference proteins ( Figure 8D , note the different time scale) demonstrate that as expected the fluorescence of GFP (not binding to chromatin) recovers extremely rapidly. As seen with mammalian cells (Kimura and Cook, 2001) , the majority of H2B does not recover within the time frame of our experiment. With H1.2, an intermediate recovery rate was observed. Therefore, in contrast with the classical view, linker histone H1.2 displays a remarkable mobility in plant cell nuclei and is not stably bound to chromatin, as previously observed in mammalian cells (Lever et al., 2000; Misteli et al., 2000) . However, HMGA and HMGB proteins display a dynamic in Arabidopsis and tobacco cell nuclei that is much higher than that of the linker histone. The data obtained from the FRAP experiments and their statistical evaluation are summarized in Table 1 . Experimental details, including background values and fluorescence fading, are provided in Supplemental Figures 1 to 4 online as well as control FRAP experiments performed with chemically fixed cells revealing that no redistribution of the GFP fusion proteins occurs after fixation. In the case of HMGA, a half-maximal recovery time (t1/2 ;0.9 s) was measured, clearly recovering more slowly than free GFP (t1/2 ;0.1 s) and much more rapidly than H1.2 (t1/2 ;53 s). The individual N-terminal domain HMGA(M1-K97) with amino acid sequence similarity to the globular domain of linker histone H1 revealed a recovery virtually identical to free GFP, indicating that the N-terminal domain does not interact with chromatin in living cells. The C-terminal domain HMGA(Y87-C204) containing the four AT-hook DNA binding motifs displays a recovery rate that is faster than that of full-length HMGA. For the two HMGB proteins, HMGB1 and HMGB5, we measured a recovery rate that is significantly faster (t1/2 ;0.25 and ;0.28 s, respectively) than that of HMGA, indicating that HMGB proteins display an even higher mobility within the nucleus. For both HMGB1 and HMGB5, deletion of the acidic C-terminal domain [HMGB1(M1-Y121) and HMGB5(M1-Y101)] resulted in a decreased mobility as evident from the increase in recovery time. In 
The Plant Cell summary, our data demonstrate that HMGA and HMGB proteins are highly mobile proteins in plant cell nuclei.
DISCUSSION
Plant HMG proteins are usually isolated from nuclear extracts, but their subcellular localization has not been analyzed in detail (Grasser, 2003) . Here, we have examined the localization of Arabidopsis HMGA and two typical HMGB proteins, HMGB1 and HMGB5. Indirect immunofluorescence microscopy and CLSM of cells expressing HMG-GFP fusions demonstrated that HMGA, HMGB1, and HMGB5 clearly localize to the cell nucleus. Mammalian HMGA proteins are also nuclear proteins (Amirand et al., 1998) , while mammalian HMGB1 and HMGB2 are found in the nucleus but also in the cytosol (Bustin and Neilhart, 1979; Kuehl et al., 1984; Falciola et al., 1997; Bonaldi et al., 2003) . In mammalian cells, the subcellular distribution of HMGB1 is regulated by the acetylation of Lys residues (Bonaldi et al., 2003) . This mechanism appears not to be conserved in plants, since maize HMGB proteins are phosphorylated by protein kinase CK2 at Ser residues within their acidic C-terminal domain, but there is no evidence for acetylation (Stemmer et al., 2002) . Within interphase nuclei, the Arabidopsis HMG proteins display a speckled distribution pattern that is seen similarly in tobacco BY-2 cell protoplasts and in root cells of Arabidopsis seedlings. In mitotic cells, HMGA and HMGB1 are not associated with condensed chromosomes, and a disperse immunostaining of the cytosol is observed. Mammalian HMGA is found on metaphase chromosomes (Disney et al., 1989) , while there are conflicting results regarding the association of mammalian HMGB1 with condensed mitotic chromosomes (Falciola et al., 1997; Pallier et al., 2003) .
To identify the regions of HMGA required for directing it to the nucleus, deletion analyses and point mutations of HMGA fusion proteins with GFP were performed. These experiments clearly identify a single NLS that is necessary and sufficient for nuclear targeting of HMGA. Whereas the N-terminal H1-like domain does not contain nuclear targeting information, the C-terminal domain of HMGA does. Point mutation of specific Arg residues (Arg-98 and Arg-164) within putative NLSs in the C-terminal domain of HMGA identified the second predicted NLS (around Arg-164) as the only functional one, although both motifs are similar and close to AT hooks (Figure 2) . The predicted NLS (PKR 164 PRT) contains only three basic residues, although a contribution of two close Arg residues cannot be ruled out. The motif resembles a monopartite NLS of the SV40 type; however, it is Arg rich, whereas typical monopartite NLSs contain predominantly Lys residues (Gö rlich and Kutay, 1999). The presence of one monopartite NLS suggests nuclear import of HMGA by the importin a/b heterodimer (Merkle, 2003) . Nuclear import via the importin a/b pathway has been reported for the structurally unrelated mammalian HMGN proteins (Hock et al., 1998) .
In HMGB1, no short basic NLS was identified, and the entire basic N-terminal domain of HMGB1 is necessary and sufficient for nuclear accumulation. Despite the presence of a predicted NLS, the individual HMG box domain was not targeted efficiently to the nucleus and revealed a localization that was similar to GFP alone. Nuclear targeting of HMGB5 depends on signals arranged differently compared with those in HMGA and HMGB1. Here, relative to HMGB1, an even larger portion of the protein is required for efficient nuclear accumulation, since both the basic N-terminal domain and the HMG box domain are necessary for proper nuclear targeting of HMGB5. Since there is a basic cluster at the N-terminal end of the HMG box domain, this motif may comprise the NLS. However, HMGB5(M1-P38) that contains this motif was not directed completely to the nucleus, suggesting that additional amino acid residues C-terminal of the motif contribute to the nuclear targeting. In line with these findings, mammalian HMGB1 and HMGB2 are targeted to the nucleus by several basic regions scattered over the protein. These amino acid motifs contribute to the nuclear localization in the context of the whole protein but not as isolated peptides (Shirakawa et al., 1997; Bonaldi et al., 2003) . The finding that a rather long basic region in HMGB1 and HMGB5 is necessary and sufficient for nuclear targeting suggests nuclear import via the heterodimeric importin b/RanBP7 import receptor that has been reported to be functional for histone H1 (Jä kel et al., 1999) . Naturally, the importin a/b pathway cannot be ruled out. The localization of GFP fusions of rather unusual Arabidopsis HMGB proteins was studied by fluorescence microscopy. These experiments revealed that the HMGB6 protein and the HMGB-type protein encoded by the Arabidopsis Genome Initiative locus At2g34450 are nuclear proteins, whereas the protein encoded by At5g23405 primarily is found in the cytosol . Interestingly, the nuclear import mechanism of HMGB proteins appears to differ from that of transcription factors containing HMG box DNA binding domains. In these transcription factors, including SRY, LEF-1, TCF-1, and Ste11p, basic motifs within the HMG box domain are sufficient for nuclear accumulation (Poulat et al., 1995; Prieve et al., 1998; Qin et al., 2003) , whereas the individual HMG box domains of mammalian (Shirakawa et al., 1997) and plant HMGB proteins (this work) do not localize to the nucleus. The acidic C-terminal domain modulates the subnuclear localization of HMGB1. Fusion proteins that contained the basic N-terminal domain but lacked the acidic C-terminal domain displayed nuclear accumulation and a prominent localization in the nucleolus that was not seen to the same extent with the full-length protein or with the individual HMG box domain. This suggests the presence of a nucleolus targeting signal within the N-terminal domain. However, the acidic C-terminal domain obviously plays an important role in subnuclear targeting of HMGB proteins, as prominent nucleolar targeting is only revealed in the absence of the acidic tail. The acidic C-terminal domain of plant HMGB proteins can interact intramolecularly with the basic N-terminal domain, which in case of the maize HMGB1 protein is regulated by phosphorylation of residues within the acidic tail (Stemmer et al., 2002; Thomsen et al., 2004) . Thus, in full-length HMGB1, the acidic tail may interfere with the . GFP that does not interact with chromatin served as an inert nonbinding reference protein (Sprague and McNally, 2005) , displaying an extremely rapid fluorescence recovery.
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The Plant Cell accessibility of the nucleolus targeting signal within the basic N-terminal domain. Recent studies on nuclear architecture have revealed that the dynamic properties of proteins play an essential role in various processes occurring in the cell nucleus, including transcription. These results have implications on the view of how transcription is regulated in the context of chromatin components (Hager et al., 2002; Gorski and Misteli, 2005) . We have expressed various GFP fusion proteins in plant cells to study by FRAP the nuclear mobility of HMGA and HMGB proteins in comparison to core histone H2B and linker histone H1.2 as well as free GFP. The analyzed proteins display the following relative recovery rates in plant cell nuclei: free GFP < HMGB1/5 < HMGA ( H1.2 ( H2B. Since the FRAP recovery rates are only weakly dependent on protein mass, and all proteins that have been fused to GFP in this study are in the range of 10 to 30 kD, the different recovery rates determined for the chromosomal proteins (relative to free GFP) cannot arise from size-dependent molecular sieving effects (Sprague and McNally, 2005) . In the case of chromosomal proteins, the FRAP recovery is slower than that of the nonbinding GFP alone due to interaction with DNA and/or other chromatin proteins, and the diffusional mobility of the proteins is much faster than the rate-limiting binding events (Carrero et al., 2004; Phair et al., 2004a; Sprague and McNally, 2005) . Therefore, linker histone H1.2 and in particular HMGA and HMGB1/5 interact with plant chromatin only transiently and constantly exchange binding sites within the nuclear microenvironment.
According to the FRAP analysis (Table 1) , HMGA is highly mobile within the cell nucleus, and it displays a somewhat higher mobility in tobacco BY-2 cell protoplasts than in Arabidopsis root cells, whereas no difference between the two cell types is seen with HMGB1 and HMGB5. The nuclear mobility of HMGA may be modulated by cell type-or species-specific effects. Based on FRAP data, a remarkable dynamic has been also reported for mammalian HMGA (Harrer et al., 2004) . The N-terminal H1-like domain (which occurs exclusively in plant HMGA proteins) does not interact with chromatin in the nucleus and displays a FRAP recovery like free GFP. Another truncated Arabidopsis HMGA protein comprising the C-terminal domain, including the four AT-hook DNA binding motifs, recovers faster than full-length HMGA, indicating that in the context of the full-length protein, the H1-like domain contributes to the interaction with chromatin. These results are in line with DNA binding experiments demonstrating that the H1-like domain of rice (Oryza sativa) and wheat (Triticum aestivum) HMGA does not bind DNA in vitro, but in fulllength HMGA, it enhances the DNA binding mediated by the AT-hook region (Nieto-Sotelo et al., 1994; Zhang et al., 2003a) . The recovery of the HMGB1 and HMGB5 proteins in the FRAP experiments is even more rapid than that of HMGA, demonstrating that HMGB proteins are extremely dynamic within plant cell nuclei. The high mobility of HMGB1 and HMGB5 is consistent with the nuclear dynamics observed for mammalian HMGB1 (Catez et al., 2004; Phair et al., 2004b) , although plant HMGB proteins (compared with mammalian HMGB1 that contains two HMG box domains) bind significantly more tightly to linear DNA (Ritt et al., 1998b) . Interestingly, with both Arabidopsis HMGB proteins, deletion of the acidic C-terminal domain resulted in a slower recovery, suggesting a tighter binding to chromatin of the C-terminally truncated proteins relative to full-length HMGB1 and HMGB5. This is in contrast with the assumption that the acidic tail contributes to the chromatin binding of HMGB proteins by interacting with histones (Travers, 2003) , but it is consistent with DNA binding experiments, demonstrating that deletion of the acidic tail of maize and rice HMGB1 markedly enhances the Dynamic Distribution of HMG Proteins 9 of 15 affinity for DNA (Ritt et al., 1998a; Wu et al., 2003) . Therefore, the reduced mobility of C-terminally truncated HMGB1 and HMGB5 suggests that the interaction with chromatin in vivo is mainly determined by the DNA binding properties of the proteins. HMG proteins are widely distributed in chromatin and contribute to the regulation of DNA-dependent processes by globally modulating chromatin structure and as architectural factors in cooperation with specific regulators facilitating the assembly of higher-order nucleoprotein complexes (Bustin and Reeves, 1996; Bianchi and Agresti, 2005; Grasser and Launholt, 2006) . Because members of the chromatin-associated linker histone and HMG protein families display overlapping modes of interaction with DNA and chromatin, it has been postulated that these structurally distinct protein families cooperate in regulating gene expression by modulating chromatin structure (Nightingale et al., 1996; Ragab and Travers, 2003) . Nucleosomal arrays bound by linker histones are generally assumed to adopt a rather compact chromatin structure, restricting the access of regulatory factors and nucleosome modifying complexes, while the interaction with HMG proteins decreases the compactness of the chromatin fiber favoring access of regulatory factors (Bustin and Reeves, 1996; Thomas, 1999; Travers, 2003; Bianchi and Agresti, 2005; Bustin et al., 2005) . Therefore, the replacement of linker histones by HMG proteins has been suggested as a mechanism involved in transcriptional activation (Zlatanova and van Holde, 1998; Zlatanova et al., 2000) . The high mobility of linker histones and in particular of the HMGA and HMGB proteins within the cell nucleus makes this model very attractive. Dynamic and competitive interactions of linker histones and HMG proteins may constantly modulate the structure of the chromatin fiber and the accessibility of regulatory DNA sites, such as promoter regions (Bustin et al., 2005 ). An example of histone H1-HMGB protein exchange in transcriptional regulation in vivo is the transcriptional activation induced by nuclear receptors that involves replacement of H1 by HMGB1 at a specific nucleosome containing a receptor response element (Ju et al., 2006) . Consistently, maize HMGA could relieve in vitro the inhibitory effect exerted by linker histone H1 on transcription driven by an A/Trich zein gene promoter (Zhao and Grafi, 2000) . Moreover, linker histone-mediated inhibition and HMG protein-mediated stimulation of ATP-dependent chromatin remodeling (Bonaldi et al., 2002; Horn et al., 2002) may contribute to establishing different states of local chromatin structure at transcriptional control regions in vivo.
In collaboration with transcription factors, HMGA and HMGB proteins as architectural factors facilitate the assembly of regulatory complexes at promoter/enhancer regions Grasser and Launholt, 2006) . Since HMG proteins bind DNA with little or no sequence specificity (Webster et al., 1997) , the question regarding the recruitment of the HMG proteins to their sites of action in the genome was puzzling. HMG proteins can be recruited by specific protein interaction with transcription factors or by structural trapping at certain (proteininduced) DNA structures Grasser and Launholt, 2006) . It has been suggested early on that the recruitment of HMG proteins and other non-sequence-specific architectural factors involves random association and dissociation with DNA, occasionally leading to productive complexes (Segall et al., 1994) . The remarkable dynamics of HMGA and HMGB proteins in combination with their abundance allows efficient searching of the genome for DNA binding sites and protein partners by three-dimensional scanning. Many chromatin-associated proteins bind chromatin only transiently (residence time of a few seconds or less) before moving on to the next site, but due to the efficiency of the diffusion process, the vast majority of any given protein is still bound to chromatin at any given time (Hager et al., 2002; Gorski et al., 2006) . The dynamic property of chromosomal proteins, rapidly exchanging between binding sites by a three-dimensional hopping mechanism, ensures their availability throughout the genome and contributes to the overall plasticity of chromatin assisting the rapid induction/repression of gene transcription (Hager et al., 2002; Gorski and Misteli, 2005) . Intriguingly, mammalian HMGB1 and its interaction partner glucocorticoid receptor increase each other's residence time within chromatin, forming a rather stable complex at promoter response elements . Kinetic cooperativity of this type between transcription factors and assistant chromatin proteins may emerge as a general theme in transcriptional regulation.
Originally, the HMG proteins were operationally termed high mobility group proteins because of their unusual mobility in gel electrophoresis (Goodwin et al., 1973) , but now, in view of their extraordinary dynamics in the cell nucleus, the name chosen more than 30 years ago is also biologically relevant.
METHODS
Plasmid Constructions
Except where stated otherwise, the inserts of the plasmids were produced by PCR using Pfu DNA polymerase (MBI Fermentas) and an Arabidopsis thaliana cDNA library (derived from the green parts of seedlings of the ecotype Columbia) as a template. Purified PCR fragments were digested using terminal restriction enzyme recognition sites introduced through the PCR primers as specified below and cloned by standard methods into the different plasmids digested with the corresponding restriction enzymes. All plasmid constructions were checked by DNA sequencing.
For protein production in Eschericha coli, the coding sequences were cloned in frame with the 6xHis-tag of pQE9 expression plasmids. The coding sequence of HMGA was amplified by PCR using primers P1 (59-AATTGGATCCATGGCCTTCGATCTCCACCAT-39) and P2 (59-AAT-TAAGCTTTCAGCACCCAACCGGAGCAA-39), digested with BamHI-HindIII, and inserted into BamHI-HindIII-digested plasmid pQE9 (Qiagen), giving pQE9-HMGA. The GFP coding sequence fused in frame to the HMGA coding sequence was amplified by PCR using primers P3 (59-AATTCCCGGGTATGAGTAAAGGAGAAGAACT-39) and P4 (59-AAT-TAAGCTTATCAGCACCCACCAACCGGA-39) and plasmid p59GFP-HMGA as template, digested with SmaI-HindIII, and inserted into SmaI-HindIIIdigested plasmid pQE9, giving pQE9-GFP-HMGA. The HMGB1 coding sequence fused in frame to the GFP coding sequence was amplified by PCR using primers P5 (59-AATTTGTCGACATGAAAACAGCAAAGGGG-39) and P6 (59-AATTAAGCTTAAGCGGGAGCTTTGTATAGT-39) and plasmid p39GFP-HMGB1 as template, digested with SalI-HindIII, and inserted into SalI-HindIII-digested plasmid pQE9, giving pQE9-HMGB1-GFP.
For the construction of HMG protein-GFP fusions suitable for transient protoplast transformation, the sequences encoding full-length or truncated HMG proteins were cloned in frame 59 or 39 of the GFP coding 10 of 15
The Plant Cell sequence. The HMGA coding sequence was obtained by treating pQE9-HMGA consecutively with HindIII, Klenow enzyme, and EcoRI. The DNA fragment was inserted into EcoRI-SmaI-digested plasmid p59GFP (Haasen et al., 1999) , giving p59GFP-HMGA. The HMGA coding sequence was amplified by PCR using primers P7 (59-AATTTCTAGAATGGCCTTCGA-TCTCCACC-39) and P8 (59-AATTGGATCCAAGCACCCAACCGGAGCA-ACC-39), digested with XbaI-BamHI, and inserted into the XbaI-BamHIdigested plasmid p39GFP (Haasen et al., 1999) , giving p39GFP-HMGA. The sequence encoding HMGA(M1-K97) was amplified by PCR using the primers P9 (59-AATTCCCGGGAATGGCCTTCGATCTCCACCA-39) and P10 (59-AATTGGATCCTCACTTAGGAGGAGCATCT-39), digested with SmaI-BamHI, and inserted into the SmaI-BamHI-digested plasmid p59GFP, giving p59GFP-HMGA(M1-K97). The sequence encoding HMGA (Y87-C204) was amplified by PCR using the primers P11 (59-AATTC-CCGGGATATATGAAACCAGATCCAGA-39) and P12 (59-AATTGGATCC-TCAGCACCCAACCGGAG-39), digested with SmaI-BamHI, and inserted into the SmaI-BamHI-digested plasmid p59GFP, giving p59GFP-HMGA (Y87-C204). In plasmid p59GFP-HMGA, a point mutation (R98G) was introduced by PCR using the QuikChange site-directed mutagenesis kit according to the instructions of the manufacturer (Stratagene) and primers P13 (59-CAGATGCTCCTCCTAAGGGTGGTCGTGGCCGTCCT-CCG-39) and P14 (59-CGGAGGACGGCCACGACCACCCTTAGGAGGA-GCATCTG-39), giving p59GFP-HMGA(R98G). Similarly, the point mutation (R164G) was introduced in p59GFP-HMGA using primers P15 (59-GAG-GACGACCACCGAAGGGACCGAGAACAGATTC-39) and P16 (59-GAA-TCTGTTCTCGGTCCCTTCGGTGGTCGTCCTC-39), giving p59GFP-HMGA (R164G). The point mutation (R164G) was introduced in p59GFP-HMGA(R98G) using the primers P15 and P16, giving the double mutant p59GFP-HMGA(R98G,R164G). The HMGB1 coding sequence was obtained by treating the plasmid pQE9cm-HMGB1 (Stemmer et al., 1997) consecutively with HindIII, Klenow enzyme, and EcoRI. The DNA fragment was inserted into EcoRISmaI-digested plasmid p59GFP, giving p59GFP-HMGB1. The HMGB1 coding sequence was amplified by PCR using primers P17 (59-AATCG-GATCCATGAAAACAGCAAAGGGGAA-39) and P18 (59-AATTGGATCCA-AGTCTTCTTCCTCGTCGTC-39), digested with BamHI, and inserted into the BamHI-digested plasmid p39GFP, giving p39GFP-HMGB1. The sequence encoding HMGB1(K48-Y121) was amplified by PCR using primers P19 (59-AATTCCCGGGAAAGGACCCAAACAAACCAAA-39) and P20 (59-AACCGGATCCTTAGTATGCATCCATTTGCTTC-39), digested with SmaI-BamHI, and inserted into SmaI-BamHI-digested plasmid p59GFP, giving p59GFP-HMGB1(K48-Y121). The sequence encoding HMGB1 (M1-Y121) was amplified by PCR using primers P21 (59-AATTCCCGG-GAATGAAAACAGCAAAGG-39) and P20, digested with SmaI-BamHI, and inserted into Sma-BamHI-digested plasmid p59GFP, giving p59GFP-HMGB1(M1-Y121). The sequence encoding HMGB1(M1-K47) was amplified by PCR using primers P21 and P22 (59-AACCGGATCCTTA-TTTAGCCTTCTTCTCTT-39), digested with SmaI-BamHI, and inserted into SmaI-BamHI-digested plasmid p59GFP, giving p59GFP-HMGB1 (M1-K47).
The HMGB5 coding sequence was obtained by treating the plasmid pQE9cm-HMGB5 (Stemmer et al., 1997) consecutively with HindIII, Klenow enzyme, and EcoRI. The DNA fragment was inserted into EcoRI-SmaI-digested plasmid p59GFP, giving p59GFP-HMGB5. The sequence encoding HMGB5(K28-Y101) was amplified by PCR using primers P23 (59-AATTCCCGGGAAAGGATCCAAACAGGCCTAA-39) and P24 (59-AATTGGATCCCTACTGTTGCATAGTCACAGC-39), digested with SmaI-BamHI, and inserted into SmaI-BamHI-digested plasmid p59GFP, giving p59GFP-HMGB5(K29-Y101). The sequence encoding HMGB5 (M1-Y101) was amplified by PCR using primers P25 (59-AATTCCCGG-GAATGAAAGATAACCAAACGG-39) and P24, digested with SmaI-Bam-HI, and inserted into SmaI-BamHI-digested plasmid p59GFP, giving p59GFP-HMGB5(M1-Y101). The sequence encoding HMGB5(M1-T28) was amplified by PCR using primers P25 and P26 (59-AATTGGATCCC-TACTTTGTTTTCTTTCCAA-39), digested with SmaI-BamHI, and inserted into SmaI-BamHI-digested plasmid p59GFP, giving p59GFP-HMGB5 (M1-T28). The sequence encoding HMGB5(M1-P38) was amplified by PCR using primers P25 and P27 (59-AATTGAGCTCCTATGGTGGTTTCT-TAGGCCTG-39), digested with SmaI-SacI, and inserted into SmaI-SacIdigested plasmid p59GFP, giving p59GFP-HMGB5(M1-P38).
The linker histone H1.2 coding sequence (At2g30620) was amplified by PCR using primers P28 (59-AATGAATTCATGTCTATAGAGGAAGA-AAACGTTCCAACGACTG-39) and P29 (59-AATGGATCCTCACTTCTTA-GCCTTCCTAGTCGAAGCTCTCTT-39), digested with EcoRI-BamHI, and inserted into EcoRI-BamHI-digested plasmid p59GFP, giving p59GFP-H1.2.
For construction of HMG protein-GFP fusions suitable for Agrobacterium tumefaciens-mediated stable plant transformation, the fused coding sequences were introduced into a derivative of the binary plant transformation vector pGreen (Hellens et al., 2000) . The cauliflower mosaic virus 35S promoter/terminator expression cassette was isolated by digesting the plasmid p35S-2 with EcoRV and inserted into the EcoRV-SmaIdigested plasmid pGII0179, giving pGII0179-35S. The coding sequence of the GFP-HMGA fusion was amplified by PCR using primers P3 and P30 (59-AATTCCCGGGTCAGCACCCAACCGGAGCAA-39) and p59GFP-HMGA as template. The DNA fragment was inserted into the SmaIdigested plant transformation vector pGII0179-35S, giving pGII0179-35S-GFP-HMGA. The coding sequence of the GFP-HMGB1 fusion was amplified by PCR using primers P3 and P31 (59-AATTCCCGGGTTA-GTCTTCTTCCTCGTCGTCA-39) and p59GFP-HMGB1 as template. The DNA fragment was inserted into the SmaI-digested plasmid pGII01709-35S, giving pGII0179-35S-GFP-HMGB1. The coding sequence of the GFP-HMGB5 fusion was amplified by PCR using primers P3 and P32 (59-AATTCCCGGGCTAATCATCAGCAGCTTTCTC-39) and p59GFP-HMGB5 as template. The DNA fragment was inserted into the SmaI-digested plasmid pGII01709-35S, giving pGII0179-35S-GFP-HMGB5.
Production and Purification of Recombinant Proteins
The plasmids pQE9cm-HMGB1 (Stemmer et al., 1997) , pQE9-HMGA, pQE9-GFP-HMGA, and pQE9-HMGB1-GFP were used to transform the E. coli strain M15 (Qiagen) for protein expression. The recombinant 6xHis-tagged proteins were purified by three-step fast protein liquid chromatography column chromatography (Ni-NTA agarose, S Sepharose Fast Flow; ResourseQ) as previously described (Grasser et al., 1996) . Purified proteins were checked by SDS-PAGE and matrix-assisted laser-desorption ionization time of flight mass spectrometry.
EMSA
Binding of HMGA and GFP-HMGA to a 106-bp fragment of a maize (Zea mays) zein gene promoter was examined by EMSA as previously described (Grasser et al., 1994) . The DNA was visualized by staining with SYBR Gold (Molecular Probes) and detected by scanning the gels using the Typhoon 8600 phosphor imager (Amersham Biosciences). Binding of HMGB1 and HMGB1-GFP to the radiolabeled linear and circularized 78-bp fragment derived from pBluescript SKÿ (Stratagene) was analyzed by EMSA as previously described (Grasser et al., 1994 (Grasser et al., , 1996 . The DNA was visualized by scanning the dried gels using the Typhoon 8600 phosphor imager (Amersham Biosciences).
Indirect Immunofluorescence
Antisera against purified recombinant HMGA and HMGB1 proteins were produced and tested as previously described . Preparation of interphase and mitotic cells from root tips of Arabidopsis seedlings was performed following the method previously described Dynamic Distribution of HMG Proteins 11 of 15 (Gernand et al., 2003) . To avoid nonspecific antibody binding, slides were blocked for 30 min in 4% (w/v) BSA and 0.1% Triton X-100 in PBS at room temperature prior to two washes in PBS for 5 min each, and incubated with the primary antibodies in a humid chamber. The HMGA-and HMGB1-specific rabbit antibodies were diluted 1:500, and a rat monoclonal antibody against H3 phosphorylated at Ser-28 [p(Ser28)H3] (Goto et al., 1999) was diluted 1:400 in PBS with 1% BSA. After a 12-h incubation at 48C and washing for 15 min in PBS, the slides were incubated with rhodamine-conjugated anti-rabbit IgG (Dianova) and FITC-conjugated anti-rat IgG (Dianova) diluted 1:200 in PBS and 3% BSA for 1 h at 378C. After a 12-h incubation at 48C and washing for 15 min in PBS, the slides were incubated with rhodamine-conjugated anti-rabbit IgG (Dianova) diluted 1:100 in PBS and 3% BSA for 1 h at 378C. After final washes in PBS, the preparations were mounted in antifade containing DAPI as counterstain. Imaging of immunofluorescence was recorded with an Olympus BX61 microscope equipped with an ORCA-ER CCD camera (Hamamatsu). All images were collected in gray scale and pseudocolored with Adobe Photoshop.
Agrobacterium-Mediated Arabidopsis Transformation
The pGII0179 plasmids and the plasmid pSOUP (Hellens et al., 2000) were used to cotransform Agrobacterium strain pGV3101 by electroporation. Transformed cells were selected on Luria-Bertani agar plates containing 25 mg/L kanamycin, 6 mg/L tetracycline, and 50 mg/L gentamycine. Arabidopsis plants of the ecotype Columbia-0 were transformed using the floral dip method (Clough and Bent, 1998) . Seeds were selected on Murashige and Skoog agar plates, pH 5.8 (Murashige and Skoog, 1962) , containing 30 mg/L hygromycin. Plants growing on the selective medium were transferred to soil and propagated at 16 h light/8 h darkness at a light intensity of 8000 lux. Genomic DNA isolated from the leaves of progeny was tested by PCR (with primers specific for the cauliflower mosaic virus 35S promoter and terminator and for the different HMG coding sequences) for the presence of the transgene.
Transient Protoplast Transformation Assays with GFP Fusion Constructs
Protoplasts of dark-grown tobacco (Nicotiana tabacum) BY-2 cells were transiently transformed using polyethylene glycol-mediated transformation as previously described (Merkle et al., 1996) . Excitation of GFP was performed with a standard UV light source and fluorescein isothiocyanate filters. For CLSM, samples were directly examined under oil with a 363 objective and a DM RBE TCS4D microscope (Leica) equipped with an argon-krypton laser (excitation at 488 nm, beam splitter at 510 nm, filter at 515 nm) using Leica Scanware. Analysis of the localization of the GFP fusion proteins was performed in three independent experiments representing ;60 to 80 transformed protoplasts.
FRAP Analyses of GFP Fusion Proteins in Protoplasts and Roots
The dynamic behavior of various HMG-GFP and free GFP, H1.2-GFP, and H2B-YFP fusion proteins transiently expressed in tobacco BY-2 cell protoplasts and/or stably expressed in Arabidopsis seedlings was examined by FRAP. For live-cell imaging in Arabidopsis roots, 3-d-old seedlings were used, while protoplasts were examined ;24 h after transformation. The analyses were performed using a TCS SP2 confocal laser scanning microscope (Leica) equipped with an argon-krypton laser with fluorescein isothiocyanate filter setting (excitation at 488 nm and spectrometric filter setting of emission filter between 520 and 580 nm) and a HCX PL APO 363 1.2-W CORR lens. Four single prebleach scans were performed at 15% laser power attenuation, 256 3 256-pixel image size, XYT-mode, and single line scan. For bleaching, a single 1-s bleach pulse at 100% laser power attenuation was used without imaging. The bleach area has a radius of ;0.5 mm, corresponding to ;1% of the total nuclear area. The fluorescence recovery period was monitored by collecting images at different times after bleaching. For HMG-GFP proteins, images were recorded at maximum speed in 0.2-s intervals (60 images) and in 1-s intervals (40 images). For H1.2-GFP, images were recorded in 2-s intervals (40 images) and 5-s intervals (60 images). For H2B-YFP, images were recorded using excitation at 514 nm without single line scan and 40% laser power attenuation. After bleaching, images were recorded in 0.4-s intervals (60 images) and 2-s intervals (40 images). FRAP recovery curves were generated taking background and fading into account (Kappel and Eils, 2004) . The data were normalized to the relative intensity in the bleached area measured before the bleach (prebleach), setting this value to 1 unit. The mobile fraction (M f ) was estimated from these curves using Equation 1 (Kappel and Eils, 2004) :
where I postcell is post-bleach intensity within whole cell at equilibrium after bleaching, I prebleach is prebleach intensity in bleached area (region of interest), and I(0) is intensity in region of interest at 0 s after bleaching. The data at each time point (t) were fitted to Equation 2 using the goal seek function of the Microsoft Excel to reduce the standard error to a minimum, thereby getting values for the constants a, b, and t in Equation 2 (Kappel and Eils, 2004) :
where t is correlated to the recovery half-time as in Equation 3 (Kappel and Eils, 2004) :
Quantitative values represent averages of at least 10 analyzed cells from two independent experiments. As control, roots fixed in 1% paraformaldehyde, pH 7.0, were analyzed using the same settings as described above. Student's t test was used to determine the statistical significance of the results.
Accession Numbers
Arabidopsis Genome Initiative locus identifiers for the genes in this article are as follows: HMGA (At1g14900), HMGB1 (At3g51880), and HMGB5 (At4g35570).
Supplemental Data
The following materials are available in the online version of this article. 
Supplemental
